Land use policy is now viewed as a way to mitigate congestion and alleviate Greenhouse Gas emission. Lots of studies have confirmed the VMT (Vehicle Miles Traveled) reduction effect of compact and mixed land use development. However, debates on self-selection issue have been brought in during recent years. Researchers argue that whether the correlation between land use pattern and vehicle miles traveled represents causal effects or was just caused by people's selfselection of residential location based on their attitudes toward travelling. This paper first developed an urban form indicator to describe local land use pattern, and then established a structural equation model with vehicle miles traveled, vehicle ownership and the urban form of residential location estimated simultaneously. The residential self-selection is controlled through two ways in the model: implicitly through the correlated error terms in multiple equations and explicitly through the incorporation of expected VMT in the equation of residential location choice. We estimated the model using household travel survey data in Washington DC area collected in 2007. The results showed that land use itself could still influence travel behavior after removing self-selection effects. By comparing the SEM results with the results of a reference structural equation model, the existence of self-selection was confirmed. The comparison verified that the VMT reduction effect of land use would be exaggerated without considering self-selection, and self-selection effect would account for a larger part of the total effect in more compact and better mixed development areas. However, the self-selection effect is very small compared to the effect of land use itself in the DC case we analyzed.
INTRODUCTION
The problem of self-selection when conducting analysis of impact of built environment on travel behavior has been paid more and more attention in recent years. Researchers are arguing whether the reduction of motorized travel is caused by land use itself or by people's self-selection of residential location based on their personal driving will. Despites the possibility that people may change their travel behavior and make it more consonant with the land use pattern they're living at over time, there also may be situations that people choose to move to an area with built environment more consonant with their preference. It's not clear which of the two situations dominate yet. Meanwhile, the magnitude of self-selection effects influences policy incentives a lot. If all of the observed correlation between land use pattern and travel behavior comes from self-selection effects, implementing policies that drive people to more compact and mixed development areas or provide more densely developed residential locations may not result in as large effect on reducing automobile travel as we expected. This paper focused on the method of addressing self-selection bias and finding the exact impact of land use on VMT reduction after removing the self-selection effect. Instead of using multiple measurement of land use pattern in the analysis, which is adopted in most previous researches, we developed a single measurement named urban_form based on land use information on different aspects, and it could describe the land use pattern of a particular area more comprehensively. We applied structural equation model to account for residential self-selection. Vehicle miles traveled, vehicle ownership and urban form of residential location and are estimated jointly in the model. Residential location self-selection is incorporated into consideration in two ways: correlated error terms which represent unobserved factors (travel attitude) influence vehicle usage and residential location choice simultaneously; expected VMT is developed and assumed to be explicitly affecting the residential location choice. The incorporation of expected VMT in the structural equation model is an improvement on controlling self-selection compared to existing researches using SEM. The travel attitude is treated as exogenous factor when it's captured by error terms. However, by estimating the expected VMT, we considered the impact of land use pattern of current residential location on people's travel attitude, and make the factor of travel attitude somehow endogenous in the model. The rest of the paper would be structured as follows: section 2 introduces previous research on the correlation of land use and transportation, and focuses on summarizing those studies with consideration of self-selection issue. Section 3 describes the data sets as well as the statistics. Section 4 presents the research method and model structure. Section 4 would conclude and propose future research options.
LITERATURE REVIEW
A primary task to conduct the research is to derive indicators that could reflect land use patterns which are associated with transportation system. Cervero and Kockelman (1997) first characterized land use pattern by "Three Ds", which are density, diversity and design. In more recent studies, another two Ds which are destination accessibility and distance to transit are added (Ewing and Cervero 2001; Ewing et al. 2009 ). Cao et al. (2009) noted in his meta analysis that at least 38 studies using nine different research approaches have attempted to control for residential self-selection. Nearly all of them found evidence of associations between land use pattern and travel behavior independent of selfselection influences , and the residential self-selection attenuates the effect of land use pattern. Mokhtarian and Cao (2008) listed seven approaches in addressing self-selection issue, which are direct questioning, statistical control, instrumental variables models, sample selection models, joint discrete choice models, structural equation models and longitudinal designs.
Lots of methods have been utilized for this topic. Krizek (2003) conducted before and after analysis. Kitamura et al. (1997) controlled for self-selection by introducing attitudinal factors in the analysis. At modeling part, Boarnet and Sarmiento (1998) , Boarnet and Greenwald (2000) , Vance and Hedel (2007) employed instrumental variable regression models. Brownstone and Fang (2009) , Brownstone and Golob (2009) , Kim and Brownstone (2010) , Bagley and Mokhtarian (2002) and Cao et al. (2007) developed structural equation models and made residential location choice to be endogenous. Bhat and Guo (2007) , Eluru et al. (2010) and Pinjari et al. (2009) established discrete continous models to control for self-selection.
Regarding the magnitude of the impact of land use pattern and self-selection on travel behavior, several papers have qualitatively explored the relative importance of these two factors. (Frank et al. 2007 , Kitamura et al. 1997 , Schwanen and Mokhtarian 2005 . A small number of studies have stepped into quantitative exploration of the relative contribution of land use pattern and selfselection. Zhou and Kockelman (2008) , Cao (2009 ), Cao et al. (2009a and Bhat and Eluru (2009) quantitatively analyzed the magnitude of self-selection effect using different method. However, all the researches listed above could only quantify self-selection effect in a discrete manner. They divided research areas into two categories (usually conventional neighborhood and neourbanist neighborhood), and computed the magnitude of self-selection effect and causal effect of built environment based on different travel behavior performed by people living in the two kinds of areas. While the level of land use development changes continuously, we could imagine that self-selection effect should be different in different part of a city. And this paper tries to quantify the self-selection effect continuously along the level of land use development.
DATA DESCRIPTION
The data used for this analysis includes travel survey of 11,000 households in Washington DC area and land use information at TAZ level in the same area. The data set is obtained from the Metropolitan Washington Council of Government (MWCOG).
The home location information for each household is available at TAZ and census tract level. This was used to link land use attributes to travel behavior information. As the smaller the area is, the more accurately the average land use pattern could represent households' neighborhood built environment, TAZ is chosen as the basic cell for deriving land use information. This paper focuses on addressing the residential location self-selection issue when analyzing the impact of land use on travel behavior. Although multiple land use variables could represent the characteristics of land use pattern quite straight forward, it's not so convenient to define a particular location with so many variables when we treat residential location choice as endogenous in our model. For the sake of model development, we defined a new land use variable named urban_form, combining the information from all the land use information we got, including residential density, industry density, office density, retail density and other density, entropy, average block size and the distance to closed urban center.
RESEARCH METHOD AND MODEL STRUCTURE
In this paper, structural equation model is applied to control for self-selection issue. The structure among the decisions on how much to drive, where to live and how many vehicles to own is designed as shown in Figure 1 . The wider arrows represent correlations among a group of variables, and the narrow arrows represent correlations between two particular variables. The arrow in dash means that residential location was not directly used to estimate expected VMT per person. Three equations were developed with VMT per person, urban form of residential location and vehicle ownership per person as the dependent variables respectively. This model assumes that households make their decisions on how much to drive, where to live and how many vehicles to own simultaneously by considering the correlation of error terms in the three equations.
The correlation between vehicle ownership and VMT is bi-directional. The decision on how much to drive influences the decision of how many vehicles to own, and vice versa.
The expected VMT we introduced in the model is correlated with both household characteristics and the built environment they currently living in. We first divide all the TAZs into five categories according to the quintile of urban_form. Then the average VMT per capita for households living in each category is computed. We assume the average VMT per capita to be the expected VMT for households in each particular TAZ category and then regress it on a set of exogenous variables. To allow varies across households living in the same category, the expected VMT per capita for each household is then assigned using the estimates just derived. The equation for estimating expected VMT is introduced in Appndix A.
To compare the results without considering residential self-selection as well as investigate the magnitude of self-selection effect and land use effect on travel output separately, we developed another structural equation model with only household VMT per capita and vehicle ownership per capita as the endogenous variable, and incorporating exactly the same independent variables in the VMT and vehicle ownership equation of the previous SEM model. We call the latter SEM model as the reference SEM model. The only difference between these two models is that whether we treat residential location choice as exogenous or endogenous process. In the reference SEM case, residential location is assumed to be exogenous, and people would not consider moving their houses to places that are more consonant to their travel attitude, but just try to modify their travel behavior based on the built environment they're living in.
The comparison of the coefficient of urban_form in the VMT equation would provide evidence on whether self-selection exists. Meanwhile, the magnitude of self-selection effect at different level of urban form could be reflected by the difference between elasticity with and without controlling residential self-selection. We use the share of self-selection effect among the total impact of urban_form on vehicle miles traveled as the magnitude of self-selection effect, which is: are the elasticity of vehicle miles traveled with respect to urban_form with and without control of self-selection calculated from the two models respectively.
RESULTS

Results of the Structural Equation Model
The structural equation model was estimated using 3-stage least square method. The estimation results are shown in Table 1 .
The coefficient of urban form in the VMT equation is -1.6754 and significant, meaning that households living in more compact and better mixed developed areas would travel less by automobile. The positive coefficient of (urban form)^2 means that land use pattern has larger impact on travel behavior in the areas which are less well developed towards high density, mixed land use pattern. In those areas already with high density and well mixed land use, the VMT reduction effects of increase in density or even better mixed land use would not be so significant. People living in this kind of areas may already use transit as their primary mode, and they still rely on automobile to go to some places not accessible by public transit. Thus their travel behavior may not change much. 
Results for Reference Structural Equation Model
The reference model is estimated, and the results are used to compare to the previous model controlling for self-selection issue. The results for reference model are listed in Table 2 .
The estimation results are very close to that for the results in the previous structural equation model. All the variables influence VMT in the same pattern. Focusing on the coefficient of urban form, we could find that the magnitude of VMT reduction effect of land use pattern is larger in the reference model. This indicates that self-selection exists and VMT reduction caused by selfselection would be accounted into land use impact if self-selection bias is not considered. However, the impact of urban form only showed slight increase in this reference model, indicating that land use has more significant impact on changing travel behavior than people's self-selection of residential location.
Magnitude of self-selection effect
The estimation results of the structural equation model and reference model enable us to investigate the change of the magnitude of self-selection effect along with the change of urban form index. At each level of urban form, we calculate the elasticity of VMT with respect to urban_form with or without controlling for self-selection separately. Then the share of selfselection effect among the total land use impact could be computed. Based on the elasticity measure we proposed in section 4 and the estimation results from the two models, the share of self-selection effect could be expressed as _ _ ( 1.78 0.10*3.31 2*0.14* _ )* ( 1.68 0.09*3.31 2*0.14* _ ) * _ _ _ ( 1.78 0.10*3.31 2*0.14* _ )* _ 
The magnitude of self-selection effect with respect to the level of urban form is shown in Figure  2 .
Figure 2. Magnitude of Self-Selection Effect with respect to Level of Urban Form
The results indicate that self-selection effect is more significant in those denser, better mixed developed areas and places which are closer to urban center and have smaller blocks. There's a strong trend that people who like public transit and do not want to drive a lot would self select themselves to live in areas with high level of urban form. However, the travel attitude of people living in areas with low level of urban form is more random.
CONCLUSIONS
This paper analyzed the impact of land use pattern on vehicle miles traveled. To assist with the development of the structural equation model, an index of urban form was designed to describe the land use pattern. This index is formed by synthesizing information from multiple measurements like density, distance to urban center, level of mixed land use and so on, and it could represent the level of compact development and mixed land use. The urban form index is a more comprehensive measure than those single indices in previous studies, and could better represent people's perception of land use pattern in a particular area.
A residential location choice equation is estimated simultaneously with a VMT equation and a vehicle ownership equation in our structural equation model in this paper. Unlike previous studies using SEM which control for self-selection only through model structures, the residential self-selection is controlled both through correlated error terms in the model and through the expected VMT explicitly in this paper. The correlated error terms capture attitude towards travel share of selfselection effect urban_form behavior and residential environment, which influence the decision on travel and residential location choice simultaneously. By incorporating expected VMT in the residential location choice equation, this model enables explicit analysis on the impact of travel predisposition on residential choice. And the way to estimate expected VMT could consider the impact of built environment of current residential location on travel predisposition to some extent.
The results show that land use itself has significant negative effects on vehicle miles traveled. More compact and better mixed land use make people tend to travel less by automobile, and switch to public transit or non-motorized modes. However, this kind of land use development is much more effective in reducing VMT in suburban or smaller urban areas.
The comparison of the results of the reference model and the structural equation model confirms the existence of self-selection of residential location. Any models without consideration of selfselection would exaggerate the magnitude of VMT reduction effect of compact and mixed land use development. However, the self-selection effect is very small compared to the land use impact itself. The analysis indicates that land use itself accounted for about 94% of the total impact of residential location on VMT in the DC area. Self-selection effect is larger in those denser and better mixed developed areas, which means that there's a strong potential that people who prefer public transit would move to these kinds of more transit friendly areas, while the travel attitude of people living in rural areas is more random.
Although the urban form variable makes it more convenient to model residential location choice in the structural equation model, the drawback of utilizing this urban_form variable is that we can hardly describe the status of land use pattern directly from the value of urban form, and thus very hard to interpret the elasticity of VMT with respect to urban_form. This study only focuses on the impact of neighborhood level built environment on travel behavior. However, the metropolitan level built environment would interact with local neighborhood environment and impact travel behavior over time. The analysis of causal effect between land use pattern and travel behavior would be improved by incorporating metropolitan level built environment measures.
As our ongoing research, we're collecting both travel survey and land use data from other areas and would expand our studies to those areas in the future. This could help us verify whether selfselection takes account for similar amount of land use effects in different cities or explore other factors that may influence the magnitude of self-selection effect.
